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Abstract 
Terahertz time-domain spectroscopy and low-frequency Raman scattering were 
performed on the natural polymer starch to investigate the boson peak (BP) dynamics. 
In the infrared spectrum, the BP was observed at 0.99 THz at the lowest temperature. 
Compared to the result from a previous study for vitreous glucose, both the frequency of 
the BP and absorption coefficient show lower values than those of the vitreous glucose. 
These behaviors originate from the longer correlation length of the medium-range order 
and lower concentration of hydroxyl groups in the starch. In the Raman spectrum, the 
BP was observed at 1.1 THz at room temperature, although the BP was not observed 
around room temperature due to the excess wing of the fast relaxation modes in the 
infrared spectrum. The temperature dependence of ε''(ν) during the heating process and 
cooling process shows a hysteresis below 230 K. During the heating process, kinks were 
observed at 140 K and 230 K. These kinks are attributed to the β-relaxation and the 
βwet-relaxation, respectively. 
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Introduction 
In the terahertz (THz) region, a low energy excitation called the boson peak (BP) is 
universally observed in materials having an amorphous structure [1,2], and the BP 
dynamics is one of the unresolved problems of glass physics. To elucidate the origin of 
the BP, significant number of experimental [2-15] and theoretical [16-24] studies has 
been done over the past several decades. The BP is regarded as the excess vibrational 
density of states (VDOS) g(ν) [1], and appears as a peak in the g(ν)/ν2 spectrum. The BP 
is detectable by inelastic neutron [3-7] or X-ray [8,9] scattering, low-frequency Raman 
scattering [10-12], and low-temperature specific heat [2,13,14]. The BP is also 
detectable by terahertz-time-domain spectroscopy (THz-TDS); i.e., far infrared (IR) 
spectroscopy [25-34], which is not well known. However, recently, THz-TDS is 
becoming recognized as suitable for the detection of the BP [34]. In order to understand 
how to detect the BP by THz-TDS, it is necessary to consider the relational expression 
𝛼(𝜈) = 𝐶IR(𝜈) ∙ 𝑔(𝜈) derived from the linear response theory for amorphous materials 
[35-38]. The BP appears in the g(ν)/ν2 spectrum, therefore it is expected that the BP in 
the IR spectrum appears in the α(ν)/ν2 spectrum. Actually, the BP of vitreous glucose 
has been clearly detected in a previous study by THz-TDS [34]. 
Starch is a natural polymer formed by the polymerization of a number of D-glucose 
molecules by glycosidic linkages, and includes two polymers amylose and amylopectin 
[39-42]. By detecting the BP of starch, we can discuss the change in the BP dynamics 
between a monomer and polymer by comparison with the BP of glucose [34]. In a 
common type of starch, the relative weight percent of amylose and amylopectin is about 
80 % amylopectin and 20 % amylose [40]. It is known that the content of both amylose 
and amylopectin is changed depending on the plant from which it is derived, which 
affects the crystallinity and temperature of the glass transition; Tg. The study of the 
X-ray powder diffraction of starch [39] indicated that the degree of the crystallinity of 
starch decreases as the amylose content increases. The Tg of starch also depends on the 
moisture content [43], and the starch which has the same origin, the higher the water 
content, the lower the Tg [44,45]. Previous studies [43-49] of the Tg of starch by 
differential scanning calorimetry (DSC) measurements of the various types and the 
moisture content of starch have been performed, and the Tg of the starch measured by 
these studies showed the range of approximately 278 K [47] to 400 K [46]. Based on the 
dielectric spectroscopy of amylo-maise-starch [50], the δ-relaxation, β-relaxation, and 
βwet-relaxation have been observed. These relaxations observed in the dielectric 
spectrum show the different temperature dependence, and a shift to a higher frequency 
as the temperature increases. According to the study of the relaxation of polyhydric 
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alcohol by THz-TDS [51,52], the bend points of the temperature dependence of the 
complex dielectric constant at the BP frequency correspond to the freezing temperature 
of relaxation modes. 
In this study, we performed the THz-TDS on starch, and we detected the BP in the 
α(ν)/ν2 spectrum. As a complementary spectroscopic method, we also performed 
low-frequency Raman scattering spectroscopy. We compared the results of the starch 
with the BP frequency and the absolute values of the absorption coefficient of glucose 
glass from a previous study [34]. We also compare the contribution of the excess wing 
with the result of the previous study of the dielectric measurement [50], and find that 
the dielectric response in the THz region has relevance to the fast relaxation modes. 
 
Experimental 
The powdered soluble starch was purchased from Wako Pure Chemical Industries, 
Ltd. The measured sample was a disk-shaped pellet with a diameter of about 15 mm and 
a thickness of 1.457 mm. 
The THz-TDS (RT-10000, Tochigi Nikon Co.) with low-temperature-grown GaAs 
photoconductive antennas for both the emitter and detector (Hamamatsu Photonics KK), 
covering the frequency range of 0.25–2.25 THz, was carried out using the standard 
transmission configuration for the temperature-dependent measurements. The 
temperature was varied from 33 to 300 K using a liquid-helium flow cryostat system 
(Helitran LT-3B, Advanced Research Systems) [34,53,54]. 
Confocal micro-Raman measurements were performed with a depolarized 
backscattering geometry [55]. A frequency-doubled diode-pumped solid-state (DPSS) 
Nd:yttrium-aluminum-garnet laser oscillating in a single longitudinal mode at 532 nm 
(Oxxius LMX-300S) was employed as the excitation source. A home-built microscope 
with ultranarrow-band notch filters (OptiGrate) was used to focus the excitation laser 
and collect the Raman-scattered light. The scattered light was analyzed by a single 
monochromator (Jovin-Yvon, HR320, 1200 grooves/mm) equipped with a 
charge-coupled device (CCD) camera (Andor, DU420). 
 
Results and Discussion 
Figure 1 shows the temperature dependence of both (a) the real ε'(ν) and (b) 
imaginary ε''(ν) parts of the complex dielectric constant of starch during the heating 
process obtained by THz-TDS. As the temperature increases, the values of both the real 
and imaginary parts of the ε increase. At 33 K, in the real part ε'(ν), a clear peak is 
observed around 0.7 THz. This peak becomes broad as the temperature increases and it 
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disappears above about 180 K. On the other hand, the imaginary part ε''(ν) shows an 
inflection point around 0.7 THz at the low temperature. The frequencies of the inflection 
point and the peak of the real part ε'(ν) are almost identical, which is attributed to the 
relation between real and imaginary parts of the response function. The spectrum 
consists of a superposition of the VDOS peak and excess wings of the fast relaxation 
modes, and the temperature change is mainly caused by the latter contribution. 
Figure 2 shows the temperature dependence of the α(ν)/ν2 spectrum, which is the 
representation of the BP in the IR spectrum. At the lowest temperature of 33 K, the BP 
is observed at 0.99 THz. As the temperature increases, the spectral shape of the BP 
broadens and the peak position slightly shifts toward a lower frequency. Furthermore, 
the BP disappears above 180 K and the behavior is similar to that of the ε'(ν). The 
broadening and disappearance of the BP are due to the excess wing of the relaxation 
modes which shifts toward the higher frequency as the temperature increases; i.e., the 
disappearance does not mean that the BP has intrinsically disappeared. Generally, the 
contribution of the relaxation mode is strong in the fragile system [56], and it partially 
hides the BP structure. This situation is well known in the Raman experiments [56,57]. 
The VDOS structure should be analyzed without the contribution of the relaxation mode. 
However, it is difficult to subtract the contribution of the relaxation mode from the 
experimental spectrum because the structure of the excess wing itself is under debate 
[58]. We only point out that the frequency dependence of the excess wing of the starch 
seems to decrease slightly toward higher frequencies in the measured frequency range. 
For comparison of the BPs of starch and vitreous glucose obtained by the previous 
study [34], the α(ν)/ν2 spectra of starch and vitreous glucose at a low temperature are 
shown in Fig. 3. The BP frequency and the BP intensity of starch are about 10 % and 
about 30 % lower than those of vitreous glucose [34], respectively. Regarding the 
lowering of the BP frequency, it indicates an increase in the correlation length of the 
medium-range order, when we assume that the transverse sound velocity has not 
changed. Therefore, assuming that the transverse sound velocities of the starch and 
vitreous glucose are the same values, the 10 % lowering of the BP frequency indicates a 
10 % increase in the correlation length of the medium-range order. As a general feature, 
the polymer has a longer correlation length of the medium-range order compared to the 
monomer, thus our obtained results are reasonable. 
We then considered the reason why the BP intensity of the starch is lower than that of 
the vitreous glucose. The ratio of the absorption coefficient of starch to vitreous glucose 
around 1 THz is about 0.7. The number of hydroxyl groups (OH) contained per 
structural unit of the monomer is 3 for starch [59] and 5 for glucose [60,61], and their 
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ratio is 0.6, which is close to the value of the ratio of the absorption coefficient around 1 
THz. Assuming that the IR absorption in the vicinity of the BP frequency originates 
from the randomly oriented OH groups, it might be expected that the absorption 
coefficient of starch is proportional to the number of OH groups per unit volume. 
Similar tendency has also been observed in previous studies of polyhydric alcohols [33]. 
To investigate the contribution of the fast relaxation modes in the complex dielectric 
constant spectrum around the BP frequency, we discuss the temperature dependence of 
the imaginary part ε''(ν) at 1 THz during both the cooling and heating processes (ε''cool(1 
THz, T) and ε''heat(1 THz, T)) which are shown in Fig. 4(a). During the cooling process, 
the value of ε''cool(1 THz, T) almost monotonically decreases. On the other hand, during 
the heating process, the bend points are observed at 140 K and 230 K, in the ε''heat(1 
THz, T); i.e., the complex dielectric constants of the starch shows a clear thermal 
hysteresis below 230 K. A similar behavior is observed in protein [62] and other glasses 
[63]. According to a previous study of natural polymer amber [63], this behavior is 
attributed to the existence of water in very small spaces of the starch. 
Figure 4(c) shows the temperature dependence of the relaxation times [50] of the 
β-relaxation and βwet-relaxation modes (τβ(T) and τβwet(T)) of the starch obtained from 
dielectric spectroscopy which has been done by Einfeldt et al. [50]. According to 
another measurement of the dielectric constant of cellulose [64], these relaxations are 
assigned such that βwet-relaxation corresponds to the motion of the water–polymer 
complexes and the β-relaxation corresponds to the local chain motion. Although the 
bend points are not observed in both the τβ(T) and the τβwet(T), the two bend points 
observed in the ε''heat(1 THz, T) coincide with the temperature at which the τβ(T) and the 
τβwet(T) reach almost 100 seconds, respectively. Therefore, the temperatures of the bend 
points in the ε''heat(1 THz, T) of starch at 140 K and 230 K will correspond to the 
freezing temperatures of the β-relaxation and βwet-relaxation modes, respectively. 
Figure 4(b) shows the temperature dependence of the BP frequency. The value of the 
BP frequency is obtained by fitting the α(ν)/ν2 spectrum of Fig. 2 with a polynomial.  
During the cooling process, a broad peak like a plateau first appears from 180 K, and 
the BP frequency monotonically increases toward the lower temperature. On the other 
hand, during heating process, the temperature dependence of the BP frequency shows a 
behavior inverse of the temperature dependence of ε''heat(1 THz, T), and the BP vanishes 
above 250 K in the α(ν)/ν2 spectrum. The disappearance of the BP in the α(ν)/ν2 
spectrum is mainly caused by the increase in the contribution of the excess wing of the 
fast relaxation modes at the higher temperature, and it does not mean intrinsic softening 
of the BP at the high temperature. 
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Finally, we investigated the behavior of the BP by the low-frequency Raman 
scattering and compared the results to that of the THz-TDS. Figure 5(a) shows the 
Raman intensity spectra Iexp at room temperature and Fig. 5(b) shows the imaginary part 
of the Raman susceptibility χ''(ν) and the χ''(ν)/ν spectrum which are evaluated from Iexp 
using the following equation [65,66]: 
𝜒′′(𝜈) =  
𝐼exp(𝜈)
𝑛B(𝜈, 𝑇) + 1
, (1) 
where 𝑛B(𝜈) = [exp(ℎ𝜈/𝑘B𝑇) − 1]
−1 is the Bose-Einstein distribution function. The 
BP in the Raman spectrum is discussed by the following equation [67]: 
𝜈 ∙ 𝜒′′(𝜈) = 𝐶Raman(𝜈) ∙ 𝑔(𝜈), (2) 
where CRaman(ν) is the Raman light-vibration coupling coefficient. The χ''(ν)/ν spectrum 
corresponds to the α(ν)/ν2 spectrum; i.e., χ''(ν)/ν is the BP representation of the Raman 
spectrum. The difference of the BP frequencies between IR and Raman spectrum can be 
attributed to the different frequency dependences between CIR(ν) and CRaman(ν) in the 
vicinity of the BP frequencies. 
In the spectrum of χ''(ν)/ν, the BP is clearly observed and the BP frequency of the 
Raman spectrum (νBP-Raman) is about 1.1 THz. Iexp also shows a peak around νBP-Raman, 
which is an universal artifact due to the high temperature approximation for the thermal 
factor (nB + 1) [34]. The BP is not observed in the α(ν)/ν
2
 above about 250 K due to the 
effect of the excess wing but it is clearly observed in the χ''(ν)/ν spectrum even at room 
temperature. This behavior suggests that the fast relaxation modes of starch are more IR 
active than Raman active. It will be important to compare the behaviors of the BP of 
both IR and Raman spectra at the low temperature where the motion of fast modes has 
frozen, which is a future study. 
 
Conclusion 
THz-TDS and low-frequency Raman scattering were performed on the natural 
polymer starch to investigate the BP dynamics. In the IR spectrum, the BP was clearly 
observed at 0.99 THz at the lowest temperature of 33 K. Comparing the result of starch 
to that of vitreous glucose from a previous study [34], both the frequency of the BP and 
absorption coefficient showed 10 % and 30 % lower values, respectively, than those of 
the vitreous glucose. These behaviors are attributed to the longer correlation length of 
the medium-range order and lower concentration of hydroxyl groups in the starch. In the 
Raman spectrum, the BP was observed at 1.1 THz at room temperature. On the other 
hand, the BP was not observed around room temperature due to the excess wing of the 
fast relaxation modes. The temperature dependence of ε'' during the heating process and 
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cooling process showed a hysteresis below 230 K. A similar hysteresis has been 
observed in protein [62] and other glasses [63]. During the heating process, kinks were 
observed at 140 K and 230 K. These temperatures were in good agreement with the 
freezing temperatures [50] of the β-relaxation and the βwet-relaxation, respectively. 
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Figure captions 
 
Figure 1.  Temperature dependence of (a) the real ε'(ν) and (b) imaginary parts ε''(ν) of 
complex dielectric constants of the starch during the heating process at 33, 40, . . . , 300 
K. The data are plotted every 10 K above 40 K. 
 
Figure. 2.  Temperature dependence of the BP plot α(ν)/ν2 of the starch during the 
heating process, at 33, 40, . . . , 300 K. The data are plotted every 10 K above 40 K.  
 
Figure. 3.  Comparison of the BP plot α(ν)/ν2 of the starch at 33 K and the vitreous 
glucose at 14 K. 
 
Figure. 4.  (a) Temperature dependence of the imaginary part of the complex dielectric 
constant ε''(ν) at 1 THz of the starch during the heating process and the cooling process. 
(b) Temperature dependence of the BP frequency of the IR spectrum during the heating 
process and the cooling process. The star plot shows the BP frequency of the Raman 
spectrum at room temperature. 
(c) The temperature dependence of the relaxation times of the β-relaxation and 
βwet-relaxation modes (τβ(T) and τβwet(T)) obtained from the dielectric spectroscopy 
which has been done by Einfeldt et al. [50]. The vertical grid lines are drawn at 140 K 
and 230 K and the horizontal line is drawn at the relaxation time of 100 seconds. 
 
Figure. 5.  (a) Raman intensity spectra of the starch at room temperature. (b) The 
orange spectra are the imaginary part of the Raman susceptibility χ''(ν) and the green 
spectra are the χ''(ν)/ν spectra. 
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Figure. 3. 
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Figure. 4. 
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Figure. 5. 
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